NF-kB/rel proteins, tumor suppressor p53, and oncogene c-Myc are critical transcription factors involved in coordinating cellular decision-making events in response to external stimuli. Consensus sequences for binding these three transcription factors are found in the promoter region of IEX-1 (Immediate Early response gene X-1) gene that can either suppress or induce apoptosis in a cell-and stimulus-dependent manner. Utilizing an electrophoretic mobility shift assay (EMSA) and a promoter/reporter assay, we show that the NF-kB/rel consensus sequence in the IEX-1 promoter is specifically bound and activated by multiple NF-kB/rel complexes in descending order p65-crel?p65 -50?p50 -50.
Introduction
In response to changes in the external environment, such as exposure to growth factors, cytokines or stress-inducing stimuli, cells must initiate a coordinate program of gene expression in order to adapt appropriately to the changes. These programs are largely orchestrated by transcription factors that function in a combinatorial manner to activate or repress the transcription of target genes. Among the many transcription factors, NF-kB/rel proteins, tumor suppressor p53, and oncogene c-Myc have drawn great attention in the past decade (Beg and Baldwin, 1993; Grilli et al., 1993; Henriksson and Luscher, 1996; Lane, 1993; Verma et al., 1995; Vogelstein and Kinzler, 1992) . These three transcription factors appear to be capable of manipulating mutually exclusive processes, for instance, proliferation versus differentiation, cell survival versus cell death or cell division versus cell cycle arrest, depending on the cell types and the number and strength of stimuli. Despite the fact that much progress has been made in understanding the importance of these transcription factors in cellular decision-making processes, the mechanisms by which these transcription factors integrate mutually exclusive signals to specifically regulate a pattern or magnitude of individual gene expression are still emerging.
IEX-1 (Immediate Early responsive gene X-1), also named p22/PRG1, Dif-2 or gly96 (its mouse homologue), is a stress-inducible gene. Its transcription can be rapidly activated by irradiation, growth factors, viral infection, inflammatory cytokines such as TNF-a and IL-1b, lipopolysaccharide (LPS) and steroid hormones (Kondratyev et al., 1996; Kumar et al., 1998; Charles et al., 1993; Domachowske et al., 2000; Kobayashi et al., 1998; Wu et al., 1998) . IEX-1 has been shown to inhibit cell proliferation in some cells, but accelerate cell cycle progression in others (Segev et al., 2000; Kumar et al., 1998; Grobe et al., 2001; Schafer et al., 1999) . It was also reported to promote apoptosis in 293 and HeLa cells under serum deprivation Grobe et al., 2001; Schilling et al., 2001) . In contrast to all these in vitro studies, we recently demonstrated in vivo an antiapoptotic effect of IEX-1 on activation-induced cell death of T lymphocytes (Zhang et al., 2002) . IEX-1 -transgenic mice that target expression of IEX-1 to lymphocytes show decreased apoptosis in activated T cells, resulting in the accumulation of effector/ memory-like T cells and the development of splenomegaly and lymphadenopathy (Zhang et al., 2002) . The animals are more susceptible to the development of a lupus-like autoimmune disease compared to nontransgenic littermates. Consistent with its anti-apoptotic role, IEX-1 is highly expressed in most tumor cell lines examined.
The IEX-1 promoter contains several consensus sequences for transcription factors including NF-kB/ rel, p53, c-Myc, Sp1, p300 and Sox, which are conserved in human, rat and mouse (Pietzsch et al., 1998; Schafer et al., 1998a) . IEX-1 has been identified as a NF-kB/rel target gene (Schafer et al., 1998a; Pietzsch et al., 1998; Wu et al., 1998) . However, which member(s) in the NF-kB/rel family of transcription factors is involved in regulation of IEX-1 expression remains elusive. The NF-kB/rel family of transcription factors consists of homodimers or heterodimers of five members RelA (p65), RelB, crel, p50 and p52 (Baeuerle and Baltimore, 1996; Grilli et al., 1993; Verma et al., 1995) . Depending on cell types and differentiation, a gene can be regulated by a specific or multiple members of the NF-kB/rel family (Beg and Baldwin, 1993) . The degree of this fine control is further increased by the combinatorial interactions of NF-kB/rel transcription factors with additional heterologous DNA-binding proteins and/or co-activators.
While activation of NF-kB/rel proteins generally promotes cellular survival, the expression of p53 is associated with the induction of apoptosis. The tumor suppressor p53 appears to be able to either positively or negatively influence IEX-1 expression (Im et al., 2002; Schafer et al., 1998a,b) . Schafer et al. (1998b) demonstrated that the p53-binding site in the IEX-1 promoter mediates transactivation of IEX-1 transcription in a manner similar to that observed for p21/ Waf1 gene in HeLa and Hep3B cells. In contrast, Im et al. (2002) identified that p53 functions as a transcriptional repressor rather than an activator of IEX-1 in keratinocytes, since mutation of the p53-binding site modulates promoter activity of IEX-1. Further investigation of these opposite effects of p53 on IEX-1 expression is indispensable to reveal a possible role for IEX-1 in p53-mediated cell cycle progression and apoptosis as well as a potential of IEX-1 in tumorigenesis. Apart from p53 and NF-kB/ rel transcription factors, c-Myc is also well documented to involve cell growth, apoptosis and transformation and its effects on IEX-1 expression are unknown.
The present studies aim at understanding how transcription factors NF-kB/rel, p53 and c-Myc coordinarily control IEX-1 expression. Our results show that the IEX-1 promoter is specifically bound and activated by multiple members of the NF-kB/rel family including c-rel-p65, p50 -p65 and p50 -p50. The NF-kB/rel-mediated activity of the IEX-1 promoter is synergized by p53, but is inhibited by c-Myc in a p53-dependent manner. Our study thus reveals a novel combinatorial regulation of gene expression by these three transcription factors, giving new insights into their complex effects on cellular decision-making processes.
Results
Binding and activation of the IEX-1 promoter by multiple members of the NF-kB/rel family The IEX-1 promoter region contains a non-consensus kB-like binding sequence at position 7102 (Pietzsch et al., 1998) . The kB-like binding motif (5'-CGGA-ATTTCC-3') was shown to interact with the prototypic NF-kB (p50 -p65) heterodimer (Schafer et al., 1998a) , although early studies indicated that the three guanine nucleotides in positions 1 -3 are necessary for binding of the p50 subunit (Urban et al., 1991) . Nevertheless, the motif matches perfectly the consensus sequence for binding to c-rel-p65 heterodimer (5'-HGGARNYYCC-3', where R indicates A or G, Y indicates C or T, and N can be any base) (Parry and Mackman, 1994) . We therefore examine whether IEX-1 is regulated by both p50 -p65 and c-rel-p65 heterodimers.
To address this, synthetic oligonucleotides corresponding to the kB-like consensus region were 32 Plabeled and subjected to electrophoretic mobility shift assay (EMSA). Our results revealed a shift in migration of more than one complex in association with the labeled oligonucleotides from nuclear extracts of TNFa-treated Jurkat cells (open arrows, lane 2 in Figure  1a) . A basal level of promoter binding activity was also observed in non-stimulated cells, however the activity was 10-fold stronger following stimulation with TNF-a (lanes 1 versus 2). Retardation of the 32 P-labeled oligonucleotides could be abrogated by the addition of 100-fold cold oligonucleotides to the reaction (lane 6), but not by unrelated oligonucleotides (lane 5), suggesting a specificity of the interaction. Jurkat-Lxsn cells expressing an empty viral vector named Lxsn are used as a control for Jurkat-IkBaM cells that harbor a dominant negative form of IkBa (IkBaM), blocking the activation of NF-kB/rel proteins (van Antwerp et al., 1996) . In agreement with a defect in the activation of NF-kB/rel proteins in these cells, little promoter binding activity over the basal level was seen in nuclear extracts prepared from Jurkat-IkBaM irrespective of TNF-a-stimulation (lane 4 versus lanes 3 and 1). In parallel experiments, similar binding activities of an AP-1 consensus sequence were observed in nuclear extracts prepared from both Jurkat-IkBaM and JurkatLxsn cells (Figure 1a, bottom) . Thus, retardation of much less 32 P-DNA fragment observed in JurkatIkBaM nuclear extract is unlikely caused by the amounts of nuclear proteins between these two types of cells. Since IkBa is associated predominantly with crel-and RelA-containing dimers (Beg and Baldwin, 1993) , the observation argues for involvement of p65-or c-rel protein in the relatively slow migration of the labeled oligonucleotides. In support, supershift of the complexes was observed in the presence of Ab against c-rel (lane 2), p65 (lane 3) or p50 (lane 4), but not in the presence of anti-RelB (lane 1) or control Ab (lane 5) (Figure 1b) . The data clearly suggest the presence of RelA, c-rel, and p50 binding activities at the IEX-1 promoter.
In an attempt to pinpoint which members of the NFkB/rel family are functional at the IEX-1 promoter, a CAT reporter/promoter assay was employed. A reporter P 7161WT -CAT construct (Figure 2a ) that harbors a promoter consisting of the NF-kB/rel binding site from 7161 to +35 upstream of CAT was transfected into p65KO3T3 cells (Beg and Baltimore, 1996) , along with p50, p65 or c-rel, either alone or in various combinations. As shown in Figure  2b , p50 alone and p65 alone activated the reporter approximately 25-fold or 51-fold, respectively, and the combination of p50 plus p65 exerted an additive effect (71-fold). This confirms an earlier report (Schafer et al., 1998a) , suggesting the ability of p65 -p50 to stimulate IEX-1 expression. Although p50-mediated stimulation of IEX-1 promoter activity was relatively low, it was significantly higher than vector control, implicating that IEX-1 might be also modestly regulated by p50 -p50 homodimer because the cells do not express p65. Unlike p50, c-rel alone had very little effect on the reporter activity over the control. c-rel homodimer thus unlikely plays a significant role in the regulation of IEX-1 expression. The same may be also true for the p50-c-rel heterodimer, since p50 plus c-rel showed only a small-enhanced effect that is probably ascribed to the activity of p50 -50 homodimer. However, c-rel together with p65 strongly stimulated reporter activity (111-fold), which is 60-fold stronger than p65 alone and 40-fold stronger than p65 plus p50. These results suggest potential activation of IEX-1 by multiple members of (b) Activation of the IEX-1 promoter by multiple members of the NF-kB/rel family. p65KO3T3 cells were transiently cotransfected with 0.8 mg of P 7161WT -CAT reporter and 0.1 mg each of the indicated NF-kB/rel protein expression plasmid either alone or in various combinations. A pCMV or pGD control construct was added as appropriate as a transfection control. The cells were harvested 40 h after cotransfection, and a CAT assay was performed. CAT activity is shown as n-fold values compared to cells transfected with the promoterless pCAT-basic vector. Data represent means+standard deviations (s.d.) of three independent experiments. (c) Requirement of the kB-like consensus sequence for all the activity of NF-kB/rel proteins. The experiments were performed and data are presented as (b) except that a mutated version of reporter P 7161M -CAT was used in place of a wild type reporter P 7161WT -CAT. The last bar on the right is a positive control in which a wild type reporter P 7161WT -CAT was tested in parallel the NF-kB/rel transcription factor family, with the strongest induction of the IEX-1 promoter activity by c-rel-p65, the weakest induction by p50 -p50, and an intermediate one by p50 -p65. Moreover, all these activities appear to associate with the same element in the IEX-1 promoter. As shown in Figure 2c , when the first three nucleotides 5'-CGG-3' of the element were substituted into 5'-CCC-3' by site-directed mutagenesis (P 7161M -CAT, Figure 2a ), the promoter activity of all NF-kB/rel transcription factors was completely abrogated, confirming the critical role of the first three nucleotides of the kB-like consensus sequence in NFkB/rel protein binding (Parry and Mackman, 1994; Urban et al., 1991) . Mutagenesis of them resulted in no promoter-induced CAT activity over background irrespective of the expression of p50, p65 or c-rel protein, while a positive control gave rise to a strong promoter response (Figure 2c ). Clearly, this is the only regulatory element for NF-kB/rel proteins in the IEX-1 promoter ranging from 7161 to +1.
In vivo binding of p50, c-rel, and p65 with the IEX-1 promoter Our in vitro assays indicate that the c-rel-p65 consensus sequence at position 7102 of the IEX-1 promoter can be recognized and specifically bound by more than one member of the NF-kB/rel family of transcription factors. To establish whether this occurs naturally in vivo, we performed ChIP assays that examine protein-DNA interactions as they occur under physiological conditions within the context of native chromatin structure (Boyd and Farnham, 1999) . Briefly, cells were stimulated with TNF-a and treated with formaldehyde, causing covalent cross-links between DNA and proteins that are in close contact in living cells. The crosslinked DNA-protein complexes were immunoprecipitated by specific Abs directed against various NFkB/rel proteins following limited DNA shearing by sonication. The resulting DNA fragments were detected by PCR using primers that specifically amplify IEX-1 promoter sequence.
As can be seen in Figure 3a , addition of anti-p65 Ab in immunoprecipitation (IP) of chromatin reproducibly yielded the most PCR product of predicted length (lane 6). Under similar conditions, anti-c-rel and anti-p50 Abs precipitated only half the amount of IEX-1 promoter DNA fragment pulled down by anti-p65 Ab (lanes 4 and 5), consistent with more potential combinations of p65 than p50 or c-rel protein in regulating IEX-1 promoter activity, as suggested by the reporter/promoter assays (Figure 2b ), in which p65 seems to be able to associate with either p50 or c-rel or itself, whereas p50 or c-rel may interact only with p65 besides itself. No PCR product corresponding to the IEX-1 promoter in size was detected when control Ab (lane 3) or Ab specific for RelB (lane 7) was used in IP, clearly suggesting that the observed PCR product results from specific protein-DNA interactions in vivo. The variation in the amounts of PCR product could not be due to different affinities of Abs to their respective antigens, because comparable reactions of all these Abs to specific antigens were demonstrated by IP followed by Western blotting analysis (data not shown).
To address whether or not multiple complexes of the NF-kB/rel family are also functional at the IEX-1 promoter in other cell types, we carried out ChIP analysis in HeLa cells following stimulation with TNFa, since the prototypic NF-kB protein has been shown to activate the IEX-1 promoter in the cells (Pietzsch et al., 1998; Schafer et al., 1998a) . Similar results were obtained showing an association of p50, p65 and c-rel proteins with the IEX-1 promoter (Figure 3b ), arguing that IEX-1 transcription can be regulated by multiple complexes of the NF-kB/rel family of transcription factors in different cell types. We noticed, however, a lesser amount of PCR product recovered in anti-p65 Ab's precipitate (lane 6) and more PCR product in anti-c-rel Ab's precipitate (lane 4) in HeLa cells compared to Jurkat cells (Figure 3b ). p50 appears to have a weakest reaction with the IEX-1 promoter when compared to p65 and c-rel (lane 5). This may reflect the different usage of individual NF-kB/rel complex in each cell type.
The ability of c-rel, p65 and p50 to bind the IEX-1 promoter in living cells indicates that they all potentially participate in the regulation of IEX-1. It is possible that they may function in a time-coursedependent manner following stimulation. In support, lack of p65 resulted in decreased IEX-1 expression only at early, but not late, time points following TNF-a stimulation. As shown in Figure 4 respective wild type counterparts were also observed at the early time points after treatment with irradiation (9000 rads for MEF and 32 000 rads for Jurkat cells) (data not shown). These results clearly suggest a role for p65 protein in initial transcription events of IEX-1 .
Synergistic effects of p53 on NF-kB/rel-regulated transcription of IEX-1
In addition to NF-kB/Rel transcription factors, the IEX-1 promoter contains a p53-like consensus sequence at positions 7241 to 7221 (Figure 2a ) (El Deiry et al., 1992; Schafer et al., 1998a,b) . Should p53 transactivate IEX-1 transcription, we would expect decreased levels of IEX-1 expression in the absence of p53 or in the presence of functionally mutated p53. This would appear to be in contradiction with the relatively high levels of IEX-1 expression observed in p53-null MEF cells (data not shown) or in most tumor cell lines where p53 mutation is common, implicating a more complicated degree of regulation involved. Indeed, recent studies demonstrated that mutation of the p53-binding site enhanced IEX-1 promoter activity, suggesting repression of IEX-1 transcription by p53 (Im et al., 2002) . To investigate whether these conflicting observations result from a combinatorial regulation of IEX-1 transcription by multiple transcription factors, we studied the effect of p53 on NFkB/rel-activated transcription of IEX-1.
The IEX-1 promoter region containing both p53 and NF-kB/Rel binding sites spanning from 7355 to +35 (P 7355WT -CAT, Figure 2a ) was cloned into the upstream of CAT reporter gene. When assayed in p65KO3T3 cells, p53 alone stimulated reporter activity by 26-fold (Figure 5a ), confirming previous observations that p53 activated IEX-1 transcription (Schafer et al., 1998b) . Surprisingly, p53 and p65 together induced a strong synergistic effect (148-fold) that is much higher than the reporter activity induced by transfection of p53 alone (26-fold) plus transfection of p65 alone (70-fold). The observed synergistic effect appears to depend on both p53-and p65-DNA binding. Thus, reporter activity of the P 7161WT -CAT promoter that lacks the p53-binding site was indistinguishable in the presence compared to the absence of a p53-expressing plasmid. Likewise, when the NF-kB/rel protein binding site was mutated (P 7355M -CAT reporter) (Figure 2a) , cotransfection of p53 and p65 no longer stimulated promoter activity above that induced by transfection of p53 alone, indicating a loss of synergistic effect between p53 and p65 in the absence of p65 binding the IEX-1 Figure 4 Aberrant expression of IEX-1 in p65KO3T3 (a) or Jurkat-IkBaM (b) cells following TNF-a stimulation. p65KO3T3 cells and the wild type wt3T3 cells were stimulated with 500 U/ ml of mouse TNF-a (m-TNF-a). Jurkat-IkBaM cells and Jurkat-Lxsn control cells were stimulated with 2000 U/ml of human TNF-a. mRNA (2 mg/lane) was then isolated at the indicated times and analysed by Northern blot using human IEX-1 as a probe. After stripping, the same blots were rehybridized with G3PDH as an mRNA loading control (lower panels in (a) and (b)) Figure 5 Synergistic reporter activity between p53 and NF-kB/ rel proteins. (a) Synergistic reporter activity of p53 and NF-kB/ rel proteins. p65KO3T3 cells were cotransfected with the indicated reporter and either 50 ng of p53 or 0.1 mg of p65 or p53 plus p65 and assayed for CAT expression as in Figure 2b . Reporter P 7161WT -CAT contains only the NF-kB/rel binding site, P 7355WT -CAT harbors both wild type p53 and NF-kB/rel binding sites, and P 7355M -CAT contains a wild type p53-binding site and a mutated NF-kB/rel binding site as illustrated in Figure 2a promoter (Figure 5a ). Moreover, while increasing amounts of p53 expression plasmid alone from 20 to 300 ng enhanced reporter activity only from 12 to 35-fold (Figure 5b ), similar increases in the amounts of p53 plus a fixed amount of p65 resulted in a 19-to 132-fold increase in reporter activity in a dose-dependent manner. The results clearly suggest the ability of p53 to synergize NF-kB/rel-mediated transcription of IEX-1.
c-Myc-mediated inhibition of IEX-1 transcription depending on p53
We next examined effects of c-Myc on p53-and NFkB/rel-mediated activation of IEX-1 transcription. As mentioned above, the IEX-1 promoter contains a cMyc regulation site, a consensus E-box sequence (5'-CAGTTG-3') at positions 7166 to 7161 (Pietzsch et al., 1998; Blackwell et al., 1990) , mutation of which enhances IEX-1 promoter activity, suggesting that cMyc may inhibit IEX-1 expression (Im et al., 2002) . cMyc has been found to antagonize the effect of p53 on p21/Waf1 transcription (Ceballos et al., 2000) . A similar manner by which p53 regulates p21/Waf1 and IEX-1 (Schafer et al., 1998b ) raises a possibility that cMyc may also antagonize the effect of p53 on IEX-1 transcription. To test this, a promoter/reporter construct, P 7355wt -CAT harboring both p53 and cMyc binding sites (Figure 2a ), was cotransfected with a fixed amount of p53 and increasing amounts of c-Myc expression plasmids. Increasing amounts of c-Myc resulted in a dose-dependent suppression of p53-mediated transactivation of the IEX-1 promoter in p65KO3T3 cells (Figure 6a ). On the contrary, increasing amounts of c-Myc had little effect on p65-stimulated reporter activity; only at its high levels, was a modest suppression seen, which is probably due to the activity of endogenous p53 (Figure 6a ). The observation suggests that c-Myc may antagonize p53-mediated stimulation of IEX-1 promoter activity, and perhaps more importantly, the antagonization abrogates the synergistic effects of p53 and p65 (Figure 6b) . Hence, the reporter activity stimulated by p53 plus p65 was diminished from 132-fold to 14-fold when c-Myc expression plasmid was increased from 20 to 300 ng (Figure 6b) . Strikingly, c-Myc at high concentrations could repress reporter activity to levels even lower than that induced by p65 alone (Figure 6a versus b) . p53 may thus, on one hand, suppress IEX-1 expression in the presence of a high level of c-Myc activity and on the other hand, transactivate IEX-1 transcription in the absence or low levels of c-Myc expression. The c-Mycmediated inhibition of IEX-1 expression synergized by p53 and p65 explains the conflict effects of p53 on IEX-1 expression observed in different cells (Im et al., 2002; Schafer et al., 1998a,b) .
In support of regulating IEX-1 expression by both p53 and c-Myc in vivo, we demonstrated binding of endogenous p53 and c-Myc to the IEX-1 promoter in living cells. To this end, Jurkat cells were g-irradiated at a dose of 32 000 rads, incubated at varying times, and then subjected to ChIP analysis as described. As shown in Figure 6c , a PCR product corresponding to the IEX-1 promoter in size was observed specifically in precipitates obtained by addition of either anti-p53 (lane 4) or anti-c-Myc (lane 5) to nuclear extracts 
Discussion
IEX-1 transcription can be rapidly induced by a broad range of mediators (Charles et al., 1993; Domachowske et al., 2000; Kondratyev et al., 1996; Kumar et al., 1998; Schafer et al., 1999; Wu et al., 1998) , which is in agreement with our findings that multiple members of the NF-kB/Rel family including p50 -p50, p50 -p65 and p65-c-rel and tumor suppressor p53 can all activate the transcription of IEX-1. Our studies using ChIP analysis to show binding of endogenous p53, cMyc and NF-kB/rel proteins, including p65, p50 and crel, to the IEX-1 promoter in living cells confirm and extend the results of earlier investigations demonstrating that IEX-1 is a target gene of NF-kB/Rel, p53 and c-Myc transcription factors (Schafer et al., 1998a,b; Wu et al., 1998) . The ability to regulate IEX-1 transcription by multiple members of the NF-kB/Rel family explains how complementation among different NF-kB/Rel family proteins enables specific gene expression in response to a variety of stimuli, providing an insight into the lack of a marked phenotype of mice with deletions of individual NF-kB/rel family member, including p50, p52, c-rel and RelB, except for RelA (Baeuerle and Baltimore, 1996; Grilli et al., 1993) . RelA-deficient mice die at 15 days of gestation (Beg et al., 1995) due to occurrence of massive apoptosis in the liver. In accordance to this, p65-deficient MEF cells are highly sensitive to TNF-a-induced apoptosis as compared to wild type MEF cells (Beg and Baltimore, 1996) . In contrast, p50-and c-rel-deficient MEF cells are refractory to TNF-a-induced cell death (Kontgen et al., 1995; Sha et al., 1995) . Interestingly, our results suggest that IEX-1 expression may be defective only in p65-knock out mice, but not in c-rel-or p50-deficient mice, because IEX-1 can be regulated by either p50 -p65 in c-rel-deficient mice or p65-c-rel in p50-deficient mice. Although IEX-1 expression is defective only at early time points after TNF-a stimulation, this delay may be crucial for cells to survive TNF-a-induced apoptosis, as suggested by studies of TNF receptorassociated factor 2 (TRAF2)-deficient cells, which undergo TNF-a-induced apoptosis because of delayed activation of NF-kB/Rel proteins (Yeh et al., 1997) . It is thus of interest to determine whether IEX-1 plays any role in the lethality of RelA-deficient mice.
IEX-1 appears not to directly block either TNF-amediated signal transduction or the apoptotic pathway. The protein sequence of IEX-1 consists of a nuclear localization signal sequence and an endoplasmic reticulum membrane-associated domain (Charles et al., 1993; Kondratyev et al., 1996; Wu et al., 1998) . The protein can be translocated from the nucleus to the cytosol or vice versa depending on cellular events or stimuli (our unpublished data) Kumar et al., 1998; Feldmann et al., 2001) . Our ongoing studies show that IEX-1 binds to a sulfhydrylrich (430% cysteine) protein that has a high capacity for binding and exchanging heavy metals such as zinc, implicating its role in redistribution of zinc (Zn) or other heavy metals between the nucleus and the cytoplasm (manuscript in preparation). Given the pleiotropic effects of Zn-requiring enzymes/transcription factors in cells under various stresses, it is not surprising that IEX-1's effects vary from cell to cell depending on the stimulus in use and its subcellular environment.
The finding of a synergistic effect between NF-kB/ Rel and p53 is somewhat surprising. These two transcription factors regulate two apparently exclusive cellular events. While NF-kB/Rel activation generally promotes cell survival, the expression of p53 is associated with the induction of apoptosis. Indeed, earlier studies showed that they could mutually repress each other's transcription activity by competition for a limited pool of p300/CBP coactivators (Ikeda et al., 2000; Ravi et al., 1998; Webster and Perkins, 1999) . Alternatively, p53 may directly associate with and sequester NF-kB/Rel in the cytosol, thereby blocking NF-kB/Rel activation (Jung et al., 1998; Kawai et al., 1999) . In sharp contrast, we found a synergistic effect between these two transcription factors on IEX-1 transcription. Interestingly, similar effects between p53 and NF-kB/rel have been also reported on p53 transcription (Benoit et al., 2000) . We postulate that the synergic effect is mediated by a coactivator that is capable of binding both p53 and NF-kB/Rel proteins simultaneously as illustrated in Figure 7 , because the effect requires binding of these two transcription factors to the IEX-1 promoter. This possibility is supported by the observation that no physical interaction was observed between these two transcription factors, as shown by IP following cotransfection (data not shown). Both p300 and its homologue CBP can bind p53 and p65 (Wadgaonkar et al., 1999; Webster and Perkins, 1999) , and thus they seem to be Figure 7 Schematic diagram of a coordinated regulation of IEX-1 by transcription factors NF-kB, p53 and c-Myc. Illustrated are synergic effects of p53 and NF-kB/Rel through an as yet unknown coactivator (?) and a potential mechanism of c-Myc-containing complex-mediated inhibition of IEX-1 expression in which X could be either c-Myc or any of its partner proteins potential candidates for the synergistic effect on the regulation of IEX-1 expression. Our experiments however failed to support this, as cotransfection of p300 or CBP with p65/p53 did not augment the reporter activity of IEX-1 compared to the absence of p300/CBP (data not shown), indicating an involvement of coactivators, other than p300 or CBP, which remains to be investigated.
c-Myc and p53 are well documented to be functionally related in several different systems (Bates and Vousden, 1999; Prendergast, 1999; Hermeking and Eick, 1994; Sala et al., 1996; Thompson, 1998) . Overexpression of c-Myc triggers apoptosis in wild type, but not in p53-null MEF cells (Evan et al., 1992) , suggesting that c-Myc-mediated apoptosis in primary fibroblasts depends on the presence of functional p53 (Hermeking and Eick, 1994; Prendergast, 1999) . Here, we demonstrate a direct inhibition of p53-stimulated IEX-1 expression by c-Myc in a dose-dependent manner, which may contribute, at least in part, to p53-mediated suppression of IEX-1 promoter activity. c-Myc-mediated inhibition of IEX-1 expression may be based upon steric hindrance, as the c-Myc-binding site is located between p53 and NF-kB/rel binding sites in the IEX-1 promoter. The presence of c-Myc can sterically interfere with binding of p53 and NF-kB/ Rel proteins to an as-yet unknown coactivator as illustrated in Figure 7 . This simple strategy for activating or repressing IEX-1 expression may be the best way to assure 'rapid' regulation of an immediate early response gene in cells under various stresses.
The ability of multiple members of the NF-kB/rel family of transcription factors to activate IEX-1 expression, in conjunction with opposing and synergistic effects of c-Myc and p53, provides several levels of complexity in regulating IEX-1 expression in different cell types in response to a variety of changes in their external environment. Our study emphasizes the diversity and complexity of p53, NF-kB/rel, and cMyc transcription factors in regulating gene expression under various cellular stresses.
Materials and methods

CAT (chloramphenicol acetyltransferase) assays
Using composite HindIII/EcoRI PCR-primers, IEX-1 promoter fragments from 7355 to +35 or from 7161 to +35 were amplified and subcloned into the upstream of the pCAT3-basic vector (Promega). Mutant versions of the IEX-1 promoter-CAT plasmids (P 7161M -CAT and P 7355M -CAT) with dinucleotide substitutions (GG?CC) at positions 2 and 3 within the consensus binding sequence for RelA/c-rel heterodimer were created by site-directed mutagenesis using a PCR overlap extension technique. Introduction of the expected mutations was confirmed by DNA sequencing. To perform transient transfection, p65KO3T3 that are isolated from p65-deficient mice were seeded in 6-well plates overnight (Beg and Baltimore, 1996) . The cells were transfected with constructs containing the indicated transcription factors, along with 0.8 mg IEX-1 promoter-CAT reporter using a Lipofectamine Plus Kit (GIBCO -BRL) according to the manufacturer's instructions. Empty vectors pCMV and pGD for p65 were used as controls as well as for adjusting total DNA concentration in all experiments. After 24 -48 h, cells were harvested and lysed in 300 ml/well of reporter lysis buffer (Promega). Ten ml of cell extracts, 5 ml of 5 mg/ml nbutyryl-coenzyme A (Promega), and 3 ml of [
14 C]chloramphenicol (62 mCi/mmol, ICN Pharmaceuticals Inc.) were assayed for 1 -2 h at 378C. CAT activity was analysed by liquid scintillation counting.
Electrophoretic mobility shift assays
Electrophoretic mobility-shift assay (EMSA) was performed with cell nuclear extracts prepared from indicated cells by a standard procedure (Dignam et al., 1983) . Double-stranded oligonucleotide sequence 5'-TTAATCGTCGGAATTTC-CAGCCCGCT-3', corresponding to the RelA/c-rel binding motif was 32 P-labeled. The oligonucleotides (10 4 c.p.m.) were mixed with 10 mg of nuclear extract and 1 mg of poly (dI-dC) in DNA binding buffer for 20 min at room temperature (RT). Competition was performed by the addition of 2 ng of unlabeled, either specific or unrelated, oligonucleotides (100-fold excess) during the incubation. To identify proteins that were associated with the oligonucleotides, goat polyclonal antibody (Ab) specific for the indicated NF-kB/Rel proteins (Santa Cruz Biotechnology, Inc.) was added to the mixture and reacted overnight at 48C before analysis on 5% nondenaturing acrylamide gels in 0.56Tris borate-EDTA buffer.
Formaldehyde crosslinking and immunoprecipitation of chromatin (ChIP)
The experiment was carried out essentially as described (Boyd and Farnham, 1999) . Briefly, Jurkat cells (1610 8 ) were stimulated with 2000 U/ml of TNF-a (R&D systems) for 1 h at 378C or HeLa cells (2610 7 ) were stimulated with 1000 U/ ml of TNF-a for 30 min, which induces IEX-1 transcription at the highest levels. For analysis of in vivo binding of p53 and c-Myc to the IEX-1 promoter by ChIP assays, Jurkat cells were g-irradiated at a dose of 32 000 rads and incubated for varying times. Formaldehyde at a final concentration of 1% was directly added to Jurkat cells for 20 min at 48C while stirring or to HeLa cells for 10 min at RT. The crosslinking process was stopped by the addition of 0.125 M glycine. Cells were then collected, washed and swelled for 30 min on ice in 5 mM PIPES (pH 8.0), 85 mM KCl, 0.5% NP-40 and 1% protease inhibitor cocktail (Sigma). The swollen cells were dounce homogenized and nuclei were isolated by microcentrifugation at 5000 r.p.m. for 5 min at 48C. The resulting pellet was resuspended in nuclear lysis buffer (50 mM TrisHCl, pH 8.0, 10 mM EDTA, 1% SDS and 1% protease inhibitor cocktail) and incubated on ice for 10 min. The samples were sonicated on ice for 20 s to break chromatin DNA into an average length of 500 -1000 bp followed by microcentrifugation at 14 000 r.p.m. for 10 min at 48C. The supernatant that contained DNA-protein complexes was precleared with protein A/G Sepharose beads that were preblocked with 200 mg/ml sonicated salmon sperm DNA and 1 mg/ml bovine serum albumin (BSA) overnight at 48C. Precleared chromatin solution was incubated with 5 mg of indicated antibodies (Abs) (Santa Cruz: anti-c-rel, sc-272X; anti-p50, sc-7178X; anti-p65, sc-372X; anti-RelB, sc-226X; anti-p53, sc-4084; or anti-c-Myc, sc-764), normal rabbit serum Ab or no primary Ab and rotated overnight at 48C. After immunoprecipitation using protein A/G Sepharose beads and washing, immune complexes were eluted by 50 mM NaHCO 3 and 1% SDS. Before the first wash, the supernatant from the reaction lacking primary Ab was saved as a measure of total input of chromatin. Crosslinks were reversed by the addition of 0.3 M NaCl and 10 mg RNase A followed by incubation at 658C for 5 h. DNA-protein complexes were precipitated by ethanol, and proteins were removed by protease K digestion followed by phenol/ chloroform extraction. The resulting DNA fragments were subjected to PCR analysis using a platinum PCR SuperMix kit (GIBCO) and primers specific for the IEX-1 promoter. The primers were 5'-GTGAGGGATCCTGTGGCTAA-3' and 5'-CAGAGGTAATTTATGTGCTCCTGA-3', which yielded a 269 bp long product spanning from 720 to 7289 of the promoter region. PCR reactions contained 2 ml of immunoprecipitate or 100-fold diluted total chromatin input and 50 ng of each primer, and were run for 40 s at 948C, 40 s at 608C and 1 min at 728C for 30 cycles. PCR products were analysed on a 1.5% agarose gel and visualized by ethidium bromide.
Northern blot hybridization
T cell leukemia cell line Jurkat cells, Jurkat-IkBaM cells, and mouse embryonic fibroblasts (MEF) p65KO3T3 and wt3T3 that are isolated from p65-deficient mice and the control wild type mice, respectively, were described previously Beg and Baltimore, 1996; van Antwerp et al., 1996) . Cells were cultured in RPMI medium containing 10% FBS, stimulated with either TNF-a or g-irradiation, and collected at varying times. Total RNA (20 mg/lane) purified by Trizol reagent (GIBCO -BRL) or mRNA (2 mg/lane) purified from total RNA using a poly(A) + pure kit (Ambion Inc., Texas) was analysed by agarose gel under formaldehyde-denaturing conditions, blotted onto a nylon membrane (GeneScreen Plus, Wilmington, DE, USA), and hybridized with human or mouse IEX-1 cDNA. Density values of the specific RNA bands were estimated by AlphaImager 2000 scanning (Alpha Innotech Corporation, CA, USA). The PstI fragment of glyceraldehyde-3-phosphate dehydrogenase (G3PDH) was labeled and used to reprobe the membranes to normalize RNA loading.
